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In 1964, the u.s. Geological Survey, in cooperation with the city of Houston, began a program to define the effects of urbanization on flood characteristics in the Houston, Texas, metropolitan area. Such information is necessary for the proper design of flood-plain structures, for flood-plain management, and for the determination of flood-insurance rates.
An earlier report by Johnson and Sayre (1973) presented a technique for estimating the magnitude of flood-peak discharges for recurrence intervals of 2 to 100 years. Johnson and Sayre ( 1973) deve 1 oped equations that re 1 a ted the flood-peak discharge for a particular recurrence interval to the area of the drainage basin and to the degree of urbanization.
This report was prepared in cooperation with the city of Houston, the Harris County Flood Cont ro 1 District, the Texas Department of ~Jater Resources, and the u.s. Army Corps of Engineers. It presents a technique similar to that of Johnson and Sayre (1973) and should be used in preference to it. The technique should provide reliable estimates of the magnitude of floods with recurrence intervals of 2, 5, 10, 25, 50, and 100 years for unregulated streams in the Houston metropolitan area.
The re 1 i abi 1 i ty of flood-frequency estimates for very large recurrence intervals is uncertain; therefore, values for the 500-year flood are omitted from this report. However, an equation is provided primarily for the use of planners who are required to canpute the magnitude of a 500-year flood for special purposes such as flood-insurance studies.
In the development of this technique, the observed annual flood peaks were compiled for each of 22 gaging stations. In addition, a digital model was used to simulate a 67-year record for annual peak discharges for each of the 22 sites. Standard statistical methods recommended by the u.s. Water
Resources Council (1977) were used to obtain two sets of flood-frequency discharges for each site. The two sets of values were then combined to obtain a single flood-frequency curve for each site. Johnson and Sayre ( 1973) considered 12 basin cha racteri st i cs to define the variation in flood-peak magnitudes in the Houston metropolitan area. Only two characteristics, size of drainage area (A), and a measure of urban development (percent impervious, I) were selected as useful. Johnson and Sayre also recognized the importance of sufficie-nt channel capacity. The results of their report were considered in the selection of basin characteristics for this study. Multiple-regression techniques were used to define the relationships between flood-peak magnitude and selected basin characteristics.
Description of the Area
The Houston metropolitan area ( fig. 1 ), which encompasses about 1,000 square miles, is located on a flat coastal plain about 45 miles from the Gulf of Mexico. The soils are predominantly clays, but vary from fine sandy loams in the northern part of the area to heavier clay loams south of Buffalo Bayou. The climate is characterized by short, mild winters; long, hot summers; high relative. humidity; and prevailing southeasterly winds. The mean annual temperature is 68.9°F (20.5°C). The 30-year average (1941-70) rainfall for Houston is 48.19 inches, which is distributed fairly uniformly throughout the year.
The major stream draining the Houston area is Buffalo Bayou, a tributary to the San Jacinto River. Buffalo Bayou is regulated by the Barker and Addicks flood-detention reservoirs near the western limits of the area. From these reservoirs, Buffalo Bayou meanders eastward to the Houston Ship Channel, and along its course, is fed by five major tributaries: Whiteoak, Brays, Sims, Hunting, and Greens Bayous.
The channel-bed slopes (3 to 8 feet per mile) are relatively flat and few of the drainage-basin divides are defined accurately by natural features. Basin exchange, which is runoff to or from an adjacent basin, often results from heavy rainfall; and in many places, adjacent basins are interconnected by ditches to relieve poorly drained areas. All of the major stream channels have been improved.
Metric Conversions
For readers interested in using the metric system, the inch-pound units used in this report may be converted to metric units by the fo 11 owing factors: AVAILABILITY OF DATA Data from 22 gaging stations were used in this analysis. Thirteen of the stations are equipped with continuous recorders; nine are equipped with fl ood-hydrograph recorders that record water-surface e 1 evat ions only during times of stonn runoff. Sixteen of these stations are instrumented to obtain a continuous rainfall record. Another 25 recording rain gages and 10 nonrecording gages are located at sites other than gaging stations. In addition, 67 years of 5-minute rainfall data (1910-76) are available from the National Weather Service station at Houston.
From
Annual Peak Discharges
Observed Data
The locations of the 22 gaging stations used in this study are shown on figure 1. The period of record for each station is given in table 1. The annual-peak discharges used in the analysis of observed data are given in table 2. Because the influence of channel capacity on the magnitude of annual peak discharges in the Houston area is greater than that of other indices of urbanization, the period of record for this analysis was selected as the period since the last major channel rectification at each of the sites.
None of the peak discharges presented in table 2 resulted from tropical storms or hurricanes. At some streamflow sites in central and south-central Texas, extremely high discharges have resulted from the intense rainfall associated with such storms. Data from these sites indicate that tropical storms m~ have the potential to produce flood discharges greatly in excess of those estimated when using the relationships developed in this study.
Simulated Data
A long-term record of flood peaks was simulated for each site by using a regression model developed by Johnson and Sayre (1973) . The flood-frequency estimates determined from these synthetic data were combined with those determined from observed data to provide more reliable estimates of flood-peak discharges for the selected recurrence intervals.
The regression model related observed flood-peak discharges to concurrent rainfall and antecedent conditions. It has the following form: Q = aPblDb2Mb3 p where QP =peak discharge, in cubic feet per second; P =the Theissen-weighted storm rainfall, in inches; D = storm duration, in hours, during which 85 percent of the rainfall (P) occurred; M =the soil-moisture index as defined below; a = the regression constant; and b 1 ,b 2 ,b 3 = regression coefficients.
The soil-moisture index, M, was defined by Johnson and Sayre (1973) as
) kt where ~1 = soil-moisture index, in inches, for the day on which the peak discharge occurred; P 0 =the precipitation, in inches, on the day of the last computed soilmoisture index; k =soil-moisture depletion factor; and t = number of days between the storm and the day of the last computed soil-moisture index. For a more detailed explanation of these variables, see Johnson and Sayre (1973) .
Values for the independent variables used in the model were determined from observed streamflow and rainfall records. The period of record used in calibrating the model for each of the 22 sites was the same as that for which annual peak data were analyzed. Because the smaller peak discharges are poorly related to the weighted rainfall, only the 1 arger peaks were used in defining the rainfall-runoff relationships.
Multiple regression techniques were used to calibrate the regression model. The calibration defined the regression constant and the parameter coefficients for each site (table 3). The standard error of estimate, Se, for the calibrated model ranges from 14.6 to 41.4 percent with a mean of 25.4 percent.
Use of the model to simulate annual-peak discharges required the use of the National Weather Service rainfall record for 1910-76 for Houston. It was assumed that this record of precipitation was representative statistically of any site within the metropolitan area, and this assumption was validated by the use of the standard statistical test of Kolmogorov-Smirnov (Ostle, 1966) for goodness of fit between two data series. The test considered ra i nfa 11 data over the period of calibration for both the National Weather Service gage in Houston and various representative calibration sites.
All storms that could have produced the maximum annual discharge were selected from the rainfall records. Values for rainfall amounts, storm duration, and soil-moisture index were determined for each of these storms. Because the rainfall amounts in the long-term record reflect point values, they were adjusted on the basis of drainage-area size and storm duration to reflect · basin-wide averages for each site. This technique is described in u.s. Peak discharges were computed for each selected storm by using the calibrated model for each site (table 3) . Finally, the 67 annual maximum discharges were selected for each of the sites from the simulated peaks (tab 1 e 4).
Basin Characteristics
The effects of urbanization on streamflow in the Houston metropolitan area can be attributed to two main changes within a drainage basin. First, natural soils and vegetal cover are replaced by impervious cover due to the Water year 1944 1945 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 Tahle 4.--Annual maximum dischar9es as determined from the simulated peaks--Continued 1944 1945 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 construction of roads, buildings, plants, shopping centers, and parking lots. Second, the natural condition of the channel is altered by channel-improvements, which may mean that the channel is cleaned of vegetation, the channel is concrete lined, or the channel is replaced by a storm-sewer system. All methods of improvement provide a more hydraulically efficient cross-sectional shape. Basin characteristics selected for this study attempted to quantify these changes in a basin.
The basin characteristics used are (1) drainage area, (2) bank-full channel conveyance, and (3) percentage of urban development. Drainage area, A, in square miles, is defined as the total contributing drainage area at the gaging-station location. It is determined by planimetering the delineated area on topographic maps.
Bank-full channel conveyance, K, is defined as the value computed for conveyance at the controlling section, when the stage elevation is equal to that of the lower bank, using Manning•s equation for open-channel flow:
where Ax= bank-full cross-sectional area, in feet squared; R =bank-full hydraulic radius, in feet; and n = Manning•s roughness coefficient.
This measure of conveyance is an indication not only of channel capacity but also of the relative efficiency of a channel. Ax and R are determined by field surveys at the controlling section of a channel for the gaging station. Manning•s n is selected in the field by experienced personnel.
Johnson and Sayre (1973, p. 44) noted:
These statements emphasize the importance of channel capacity in determining flood-peak magnitude for this coastal area. Johnson and Sayre (1973, p. 5 ) also noted the increase in the magnitude of flood peaks following channel improvements. Espey and Winslow {1968, p. 55) discussed the effects of changes in channe 1 conveyance on the time of rise and on the unit-peak discharge of streams in the Houston area. Changes in the magnitude of peak discharges in the Houston area can be largely attributed to channel improvements. This study has shown channel conveyance to be a more important parameter in estimating the magnitude and frequency of floods . in Houston than other commonly used indices of urbanization.
The percentage of urban development, Ao, is defined as the percentage of the total contributing drainage area within 200 feet of streets, roads, parking lots, and industrial sites that is drained by open street ditches or storm sewers. Ao is highly correlated with the percentage of impervious area in a basin, I, as used by Johnson and Sayre (1973) , but is much easier to determine accurately from aerial photographs.
The values for A, K, and Ao, as determined for this study, are given in 
FLOOD-FREQUENCY ANALYSIS
The flood-frequency characteristics as computed from the observed annualpeak discharge data are given in table 6; the observed station skew was applied to the values because of a lack of information concerning skew variation in an urbanizing coastal area. Low outliers that caused an abnormal negative bias to the annual-peak discharge data were discounted according to the Water Resources Council (1977) guidelines.
The flood-frequency characteristics computed from the simulated annualpeak discharge data are given in table 7. The skew value determined from the 67-year series of simulated discharges at each station was used in computing these characteristics.
The determination of regional relationships for predicting flood-frequency characteristics requires one set of flood-frequency values (dependent variables) for each of the sites in the study area. Water Resources Counci 1 (1977) guidelines suggest that flood-frequency curves determined from observed data may be adjusted by the use of simulated fl cod-frequency va 1 ues, but the guidelines require that any adjustments incorporate the relative accuracy of the simulated and observed data.
Several methods of adjusting or weighting the flood-frequency curves were evaluated. These methods were ( 1) averaging, ( 2) weighting based on length of observed record, and ( 3) weighting based on error characteristics.
In the averaging method, the weighted values are obtained by averaging the results from the observed and simulated data for each recurrence interval. This procedure is based on the assumption that each data series represents conditions that are equally 1 ikely to occur at a site under the stated degree of urbanization.
The weighting method based on the 1 ength of observed record requires a specified amount of observed data to define a flood peak for a particular recurrence interval. If this amount of observed data is avail able, then the weighted flood-frequency value is equal to the observed value. Otherwise, the weighted fl cod-frequency va 1 ue is equa 1 to some canbi nation of the observed value and the simulated value. In this method, the observed data are weighted more heavily than the simulated data.
In the method of weighting based on error characteristics, the weighted values are determined by considering the relative errors present in each data series. The procedure for computing relative error is analogous to a variance analysis except that the expected value of the mean square error is used as an indicator of error instead of the regression variance. Application of this method produced flood-frequency values which were more heavily weighted toward the simulated data at lower recurrence intervals. This result was the opposite of those found on rural watersheds (Wi bben !t 1976; Thomas and Corley!t 1977; Curtis!t 1977; Olin and Bingham!t 1977) .
The method of averaging the results from the observed and simulated data for each recurrence intervals was used to produce the Ot values used as dependent variables (table 8) . From a practical standpoint!t however!t there is little difference between the three weighting methods. Comparisons between the various weighted values of Qt showed that the values produced for Qt by the other methods were always within +21.5 and -16.8 percent of the Qt values obtained by the averaging method. More than 93 percent of the Qt values produced by the other methods were within ~10 percent of the values used.
Comparisons of the results of predictions based on equations developed from the various sets of weighted Qt va 1 ues showed that regardless of the method of weighting used the predicte~ Qt values were within +10.9 and -8.7 percent of the final predicted Qt values. Only 1.3 percent of the Qt values predicted from equations based on the other weighting methods differed by more than +7.5 percent from the final predicted values.
DEVELOPMENT OF REGRESSION RELATIONSHIPS
Multiple-regression techniques were used to define regional relationships to predict flood-peak magnitudes from drainage-basin characteristics. The dependent variables are the flood-frequency values in table 8. The independent variables are given in table 5. The value of the variables were transformed to base 10 logarithms prior to performing the regression analysis.
Several regression models involving these independent variables were investigated. These incl~ded the following forms: The Ot va 1 ues predicted from these three forms were compared for the sites of this study. The difference between the various predicted Qt va 1 ues was always within ~8 percent and were within . . :!:_5 percent over 98 percent of the time.
Form (a) was unsatisfactory because the variable Ao did not remain statistically significant at the 5-percent significance level. Form (c) was formulated in an attempt not only to include the measure of urban development, A 0 , but also to reduce the standard error of estimate resulting from form {b). Form (c) was developed by considering that the flood peak from an urbanized area in Houston was proportional to the product of bank-full channel conveyance, K, and a factor representing the amount of urban development. The factor, 1.0 + 0.01Ao, was selected on the basis of work done by Carter {1961). Because the standard error of estimate for form (c) was an improvement over that of form {b), form (c) was used for this study. Form (c) was evaluated for bias at the 5-and 50-year recurrence intervals. None was apparent.
The values determined for the regression constant and the regression coefficients are given in table 9. Station 08074780, Keegans Bayou at Keegans Road, was not used in the development of these relationships because of missing data. The variation of the constant and coefficients indicate consistency and continuity with the regression model. Table 9 also presents the standard error of estimate (Se) and the multiple-correlation coefficent {MCC) for the regional relationship at each recurrence interval.
The results of applying the relationships in table 9 to the stations used for this study are given in table 10. The flood-frequency values in table 10 should be considered as good estimates as long as conditions in the basin remain similar to those of December 1976. The effect of changes in a basin may be predicted by use of the relationships given in table 9.
APPLICATION OF REGRESSION RELATIONSHIPS
The regression relationships are shown in table 9. They provide a method for computing flood-peak magnitudes for recurrence intervals of 2, 5, 10, 25, 50, 100, and 500 years on ungaged and unregulated streams in the Houston, Texas, metropolitan area. These sites may require flood-frequency information for a variety of reasons. For example, the site may be a completely urbanized basin for which information is required to establish flood insurance rates; or the site may be completely undeveloped, but information is required by developers to determine predicted future flooding. In the first case, selection of the basin characteristics may be fairly straightforward, however, the second case can illustrate several possible errors in selecting basin characteristics. This section provides guidelines for computing the basin characteristics.
Drainage Area
The drainage area should be delineated on a u.s. Geological Survey 7-1/2-minute or 15-minute topographic map, with the aid of field reconnaissance. In addition, the drainage basin should be inspected so that drainage ditches, which are not shown on the map, but which may cause variations in the total contributing drainage area, can be located. The field inspection may also discover other features, such as detention storage and storm sewers that will affect the total contributing drainage area. Bank-Full Channel Conveyance
The te nn "contro 11 i ng reach" as used in this report refers to that reach of a channel, downstream from the site in question, in which the frictional resistance of the streambed and banks determine the rate of flow at a given stage. Because flat slopes and relatively slow water velocities are characteristic of streams in the Houston area, reach control is typical except at extremely low stages. Reach control must exist at bank-full stage if the technique described in this report is to be applied. Before determining bankfull channel conveyance, then, the reach downstream from the site should be inspected to insure that there are no dams, culverts, or other physical features that could cause an appreciable break in the water-surface slope.
The regional relationships shown in table 9 may be used as aids in the design of channels to carry future flood waters. When the relationships are used for this purpose, some guidelines are required with respect to the magnitude of channel conveyance. A relationship of maximum-allowable channel conveyance (I<MAX) to drainage area as shown on figure 2 was determined by plotting the values forK and A for all sites used in the study. The assumption was made that none of the channels were adequately designed to carry the maximum discharges likely to occur when the basins are completely urbanized. Figure 2 was developed by using a straight-line relationship through points 5 percent greater than those having the greatest ratio of K to A. The user should be aware that KMAX is not intended to be an optimal value. It should be considered a boundary for which the value of K substituted into the relationships developed by this study cannot exceed. If the computed K is greater than KMAX , then KMAX should be used. However, if the computed K is less than or equal to KMAX' the assumption should not be made that the designed channel convey a nee is acceptab 1 e for future deve 1 opment without considering other economic and engineering variables.
Bank-full channel conveyance may be determined at existing sites as follows: (1) Obtain two or more representative cross sections of the channel in the controlling reach; (2) select the elevation of the top of the lowest bank as bank-full stage for each cross section; (3) select Manning's n and compute the bank-full conveyance, K, for each cross section; and (4) determine the arithmetic mean value of K for the site.
Percentage of Urban Development
The percentage of urban development, A 0 , may be determined by the use of aerial photographs. After delineating the total contributing drainage area on the photographs, the 200-foot boundaries for urbanized areas within the drainage basin may be easily marked either on the photographs or on a transparent overlay. If aerial photographs are not available, field reconnaissance will yield current conditions. The developed area as delineated may be measured in square miles by planimetering. This value is then converted to a percentage of the total contributing drainage area.
In summary, the relationships are applied at ungaged and unregulated sites in the Houston, Texas, metropolitan area by the following procedure:
(1) Locate the site on a map; (2) determine the total contributing drainage area; (3) define the urbanized area for the date required; (4) compute bankfull channel conveyance for the controlling reach of the channel downstream from the site; and (5) compute flood-frequency values by the use of the regression equations in table 9.
The technique may also be used to evaluate the effects of future development. Thus, various stages of urbanization may be assumed to predict urban flood-frquency characteristics at these different stages of development.
Limitations and Special Cases
The technique presented in this report does not apply to regulated streams. Fl cod-frequency estimates are defined for unregulated streams in the Houston area within the following limits of basin characteristics.
(1) Contributing drainage area, A 1.33 to 1 82 square miles (2) Bank-full channel conveyance, K 1.2 x 104 to 2.8 x 106 (3) Percentage of urban development, Ao 37.0 to 98.9
The following are some special cases in which the technique may be used: (1) Use of the technique to predict changes due to urbanization; (2) use of the technique at a site where bank-full channel conveyance has an abrupt change; and (3) use of the technique in a design situation. These are discussed below.
The use of the technique to predict changes due to urbanization is easily accomplished if the user wants to compare current conditions with conditions of canplete urbanization. The percentage of urban development, A 0 , is increased to 100 and KMAX is determined from figure 2. The flood frequency estimates obtained by using these values with the relationships in table 9 will indicate the effects of complete urbanization and complete rectification of a channel.
If the user wants to compare a site in its completely rural state to a completely urbanized state, some assumptions must be made. Values for Ao at several rural sites in the Houston area were computed at between 15 and 25 percent. Thus, A 0 for rural sites is chosen as 20 percent. Assuming that KMAX may be selected from figure 2, the bank-full channel conveyance for a camp 1 ete ly unrect i fi ed ( rura 1) channe 1 was chosen by assuming that Ha 11 s Bayou at Deertrail Street and Greens Bayou at u.s. Highway 75 were typical of such streams, for which the average ratio of KMAX to KRURAL equals 15. This value is assumed to be near the upper 1 imit; therefore, the effects of urbanization on flood-frequency characteristics should not be greater than those given in table 11. At any site in the Houston area, a change from completely rural to completely urban conditions should not increase the peak discharge of a 100-year flood by more than a factor of 4.9.
An abrupt change in channel conveyance may occur at a site where channel rectification has halted. Use of the technique at such a site requires the computation of fl cod-frequency characteristics for both the 1 arger and smaller values of K. The flood-frequency characteristics computed by using the smaller K would be valid for the period that the abrupt change in the channel remains. Once the channel rectification is complete, the floodCase no. frequency characteristics computed by using the larger K would be valid for such a site, assuming the larger K did not exceed KMAx· If the technique is being used to estimate Qt values for a channel design, the value of K used for the planned channel should not produce unreasonably 1 a rge estimates of Qt. The fo 11 owing procedure is suggested to check the value of K: (1) From the design configuration of the planned channel, compute K; (2) determine A for the basin; and (3) enter figure 2 with the value of A and determine KMAx· If K is greater than KMAX' then KMAX must be used in determining the Qt values. If K is equal to or less than KMAX' the computed K must be used in these relationships. Whether or not the designed channel should be built may be determined by other considerations.
The user of the equations in table 9 is cautioned that the use of a K value larger than KMAX may result in the computation of peak discharges larger than the basin can produce. This problem should be avoided by limiting the maximum value of K substituted into these relationships to KMAX (fig. 2) . Also, the user should never confuse the bank-full channel conveyance value computed for this technique with the actual channel conveyance required by various flows.
